There are significant advantages in the use of hydride generation (HG) with AAS or other atomic spectrometric detection methods for the determination of elements which form volatile hydrides. Hydride generation has become one of the most powerful and well established techniques for the determination of arsenic, antimony, bismuth, germanium, lead, selenium, tellurium, tin, indium, and thallium. A variety of reactions have been used to convert the analyte in solution into the hydride. [1] [2] [3] [4] [5] [6] [7] [8] There are also several reports of electrochemical hydride generation [9] [10] [11] and of thermochemical gas-phase hydride generation. 12 In the case of solution reactions, a metalacid combination, or more commonly reaction with borohydride is employed for hydride generation. In early applications of the technique, the March reaction, based on a metal-acid system such as Zn-HCl producing nascent hydrogen which reacted with the analyte to form the hydride, was used. 3 The more commonly used reaction for hydride formation is the BH 4 2 -acid reaction. 13 Although some precursors are hydrated cations in the appropriate oxidation state, as for example with Pb IV ; for most analytes the precursor may well exist as an oxo-anion which is reduced prior to the final hydride transfer reaction, as would be the case with Se IV . Initial applications used NaBH 4 pellets, but an aqueous solution stabilized by potassium or sodium hydroxide 4 may be conveniently used and is currently the most popular reagent. Other forms of borohydride have been used. Borohydride bound to a stationary phase in a column has been used for hydride generation of arsenic 5, 6 and selenium. 7, 8 However, the only advantage reported over the use of an aqueous solution of BH 4 2 was the suppression of some matrix interferences.
In our current work on hydride generation with in-atomizer trapping for determination of low concentrations of selenium by ETAAS, 14 we have found that detection limits are governed by impurities in the borohydride reagent. We considered that the immobilization of borohydride on an anion-exchange resin might result in a purer reagent and hence improved detection limits.
In the course of this study, we found that selenium was retained on the anion-exchange resin and that hydrogen selenide could be generated from the resin by the passage of acid when both selenium and borohydride were co-immobilized. In this paper, we report on the analytical performance of a system for the determination of selenium based on this method of generation of hydrogen selenide.
Experimental

Reagents
All reagents were obtained from Fisher (Pittsburgh, PA, USA) and were of analytical-reagent grade, unless stated otherwise. Doubly distilled 18 MW E-pure water was used throughout the experiment. A stock standard solution of 1000 mg l 21 of selenite (SeO 3 22 ) was used. Other concentrations were obtained by dilution. Sodium borohydride, 10% m/v in 2% m/v sodium hydroxide, was filtered through Whatman No. 2 filter-paper and stored at 4 °C for 4 weeks without deterioration. Other concentrations were obtained by dilution. The resins used were Amberlite IRA-410 and Amberlyst A26 (Aldrich, Milwaukee, WI, USA), which are strongly basic anion-exchange resins (styrene-divinylbenzene skeletal structure).
Apparatus
The detection unit used was a Perkin-Elmer (Norwalk, CT, USA) Model 3100 atomic absorption spectrometer. The atomizer was a flame-heated quartz T-shaped tube. The quartz tube was cleaned weekly with acid following the procedure described by Hatfield. 15 A hollow-cathode lamp (Perkin-Elmer) was used as a light source. The wavelength for Se was 196.0 nm. The spectral bandpass was 0.7 nm.
Manifold
The manifold, shown schematically in Fig. 1 , was constructed from 0.8 mm id PTFE tubing, except the tubing between the argon confluence point, the gas-liquid separator and quartz tube, which was PTFE tubing of 1.5 mm id. The gas-liquid separator consisted of a 25 ml separating funnel with a twoholed rubber cap. The column consisted of a glass tube of 150 mm length and 4 mm id. Two PTFE reducing unions of 1/4 3 1/8 in (Cole-Parmer, Chicago, IL, USA), fitted at either end of the column, were used to connect it to the manifold.
A slurry of anion-exchange resin was introduced into the column with the aid of a syringe. A small amount of glass-wool was placed at the ends of the column to prevent loss of the resin. The column was ready for use after washing several times alternately with borohydride and hydrochloric acid solutions. Two six-port PTFE Rheodyne rotary valves (Supelco, Bellefonte, PA, USA) were used. The ion-exchange column was located in the injection loop of one and the other was used to introduce a discrete volume (500 ml) of acid. Two Ismatec SA MS-Reglo Model 7331-10 peristaltic pumps (from ColePalmer) were used, one for the carrier line and the other for the acid, sample, and borohydride lines. The waste from the gasliquid separator was pumped with a Lachat Instruments (Milwaukee, WI, USA) Model 1200-000 peristaltic pump. The flows of reagents were regulated by using Tygon pump tubing (Cole-Parmer) of different internal diameters and by control of the pump head rotation speed.
Recommended Procedure
All the experiments were carried out using the manifold shown in Fig. 1 . In the load position, Fig. 1(a) , the sample of selenite (SeO 3 22 ) and the borohydride were mixed and pumped through the column for a period of 1, 2 or 3 min, resulting in the simultaneous retention of both anions (SeO 3 22 , or possibly Se 22 , and BH 4 2 ). At the same time, the loop of valve 1 was filled with acid, while the de-ionized water carrier was pumped constantly through the system. In the injection position, Fig.  1 (b), valve 2 was switched and the column was washed for a period of 20 s with carrier solution. Valve 1 was then switched and the acid was carried through the column generating hydrogen selenide. The column was cleaned between samples and standards by passing 4% m/v borohydride in 0.5% m/v NaOH for 30 s followed by an injection of acid. The cleaning step was not needed between replicate injections of the same sample or standard.
Method Development
Determination of arsenic
Initial experiments involved repeating the procedures described by Tesfalidet and Irgum 5 and Narasaki et al. 6 for the determination of arsenic. In these procedures, the borohydride was first loaded on to the anion-exchange column and, after washing, the acidified analyte solution was passed through the column generating arsine and hydrogen. These experiments are not described in detail here. The detailed experimental work concerns the development of the new procedure for the determination of selenium.
Gas-liquid separation
Two types of gas-liquid separator were used, namely the Perkin-Elmer device from the FIAS unit (this was the empty plastic vessel) and a device constructed in-house from a 25 ml separating funnel. In neither case was any additional device used to reduce the transfer of water vapor or droplets to the atomizer. The drains from both these devices were pumped. In the case of the separating funnel device the drain pump rate was such that there was always 1-2 ml of liquid in the funnel.
Column dimensions
Two different strongly basic resins, Amberlite IRA-410 and Amberlyst A26, were packed in columns of various dimensions. Four different lengths (50, 100, 150 and 200 cm) and two different internal diameters (2 and 4 mm) were used in all possible combinations. Both resins have styrene-divinylbenzene skeletal structures; however, Amberlite IRA-410 is a gel-type resin and Amberlyst A26 is a porous or macroreticular resin. The resulting columns were tested for selenium retention and subsequent hydride generation for six replicate measurements at two concentrations of selenium, 10 and 25 mg l 21 .
Parameter optimization
The multi-cycle alternating variable search optimization method 16, 17 was used for the optimization of the following parameters: borohydride concentration, HCl concentration, carrier flow rate and stripping gas flow rate. The figure of merit for the optimization process was maximum net peak height sensitivity (i.e., signal minus blank). Other parameters that were studied include the dimensions of the column, nature of the anion-exchange resin, oxidation state of the selenium and the flow rates of the sample and borohydride solutions.
Parameter optimization was carried out with a 1 min preconcentration (at 3 ml min 21 sample and borohydride flow rates), using a column size of 150 3 4 mm id packed with Amberlite IRA-410 anion-exchange resin. The optimization of the borohydride and HCl concentrations was carried out using sample solutions of 0, 10 and 25 mg l 21 of Se. The effect of such reagents was studied by varying these concentrations within the ranges 0.01-2% m/v NaBH 4 in 0.01% m/v NaOH, and 0.1-2 mol l 21 HCl. Samples of 10 and 25 mg l 21 were used in the studies of the effects of the argon stripping gas flow rate and the carrier flow rate, i.e., the speed at which the acid passed through the column. The argon flow rates were varied between 50 and six-port valves; P 1,2,3 , peristaltic pumps; QAC, quartz atomization cell; GLS, gas-liquid separator; CL, column packing with strong anionexchange resin; L, 500 ml loop; CS, carrier solution, distilled, deionized 18 MW E-pure water (14 ml min 21 ); AS, 4 mol l 21 HCl (1.5 ml min 21 ); RS, 0.05% m/v NaBH 4 in 0.01% m/v NaOH (3.0 ml min 21 ); S, sample (3.0 ml min 21 ); and W, waste. 1000 ml min 21 . The carrier flow rate was varied between 4 and 15 ml min 21 .
Analytical Performance
Using the optimal experimental conditions (given in Table 1 
The effect of the sample matrix was evaluated by the method of standard additions. Equal volumes of river, lake and tap water (45 ml) were taken, all but one were separately spiked with different amounts of selenium and then all were diluted to equal volumes (50 ml) to obtain three series of solutions with final concentrations added of 0, 5, 10, 15, 20 and 25 mg l 21 of Se. Signals were obtained under the optimal experimental conditions (Table 1) for a 3 min preconcentration time. All calibrations were obtained by an unweighted least-squares procedure.
Results and Discussion
Determination of Arsenic
The results reported previously 5, 6 for the determination of arsenic were confirmed. Signals were obtained for both As III and As V . For a sample volume of 835 ml, the linear ranges for As III and As V were 0.6-40 and 0.9-50 mg l 21 , respectively. The precisions, expressed as RSD for five replicate determinations of 20 mg l 21 , were between 1.8% and 3.2% for As III and between 2.4% and 4.1% for As V .
Gas-Liquid Separator
The device based on the 25 ml separating funnel was used, rather than the smaller internal volume Perkin-Elmer device, to avoid the carry-over of liquid which tends to occur with certain combinations of argon gas flow rate and borohydride concentration with devices having small internal volumes. As the optimization studies required that these parameters be varied, the use of a more robust gas-liquid separator decreased the down-time spent cleaning and regenerating the surface of the quartz cell. However, for an FI-based procedure the gas-liquid separator will affect the peak height sensitivity by virtue of a contribution to the overall dispersion and it is likely that the device used here is sub-optimal with respect to this characteristic.
Column Dimensions and Resin Type
The best results were observed with larger column sizes (lengths and id) with both resins, i.e., when the amount of resin was increased. However, lengths above 150 mm for the same internal diameter did not produce any improvement in the signal. The Amberlite IRA-410 gel-type resin produced better results than the Amberlyst A26 macroreticular resin. Therefore, a 150 3 4 mm id column packed with Amberlite IRA-410 geltype resin was chosen for further experiments.
Parameter Optimization
The optimum conditions are given in Table 1 . No signals were obtained from solutions of Se VI . To achieve the best sensitivity, three cycles of the optimization process were necessary. The results of the third cycle for each parameter are discussed below. The effect of the concentration of borohydride is shown in Fig.  2 . There was a steady increase in the blank signal as the concentration of borohydride increased from 0.01 to 1.0% m/v, with a slower increase from 1.0 to 2.0% m/v. For both samples (10 and 25 mg l 21 of Se) a sharp increase in the signal was observed as the borohydride concentration increased from 0.01 to 0.05% m/v NaBH 4 , followed by a sharp decrease from 0.5 to 1.0% m/v. No signal was obtained in the absence of borohydride. The 0.05% m/v concentration produced the optimum net signal. This concentration of borohydride is considerably lower than that used in typical flow injection and typical batch procedures.
The effect of the concentration of HCl is shown in Fig. 3 . As can be seen, the signals from the samples and the blank increased as the HCl concentration increased to 0.5 mol l 21 , but changed little thereafter. Therefore, 4 mol l 21 was chosen for further experiments.
The effect of carrier flow rate is shown in Fig. 4 . Carrier flow rates between 12 and 15 ml min 21 resulted in the best net absorbance signal. A carrier flow rate of 14 ml min 21 was used in further experiments. The effect of the stripping gas flow rate is shown in Fig. 5 . The most favorable rate was found to be 180 ml min 21 , hence this value was chosen for further experiments. 
Analytical Performance
The calibration equations and the other performance figures of merit are summarized in Table 2 . The system responded linearly from the detection limit up to 180, 120 and 80 mg l 21 of Se for 1, 2 and 3 min preconcentration, respectively. The precision of the procedure as a function of concentration, expressed as RSD, varied from 0.41 to 1.32, 0.24 to 0.81 and 0.18 to 0.61% for 1, 2 and 3 min preconcentration, respectively. The precision of the system improved with preconcentration time, but degraded severely if the residual sample and borohydride were not washed from the column. Carry-over between samples and standards was prevented by flushing residual selenium from the column with the 4% borohydride wash. The limits of detection, defined as the concentration giving a signal equal to three times the standard deviation of the blank signal, were 0.24, 0.15 and 0.12 mg l 21 of Se for 1, 2 and 3 min preconcentration, respectively. The sample throughput was 21 h 21 for 1 min preconcentration.
The results of the standard additions to the water sample matrices were compared with those for the same concentrations in distilled water. The characteristics of the regression lines are summarized in Table 3 . The 95% confidence interval about the slope of the calibration in the distilled water matrix contains the slopes of the calibrations in the other matrices, i.e., the confidence intervals of the slopes overlap in all cases and there is no significant difference between the slopes for the different matrices. As no appreciable matrix effect was observed, the analyses of the test samples were performed by calibration with aqueous solutions of a pure selenium salt (Na 2 SeO 3 ).
The recoveries (and standard deviations) of spikes added to the water samples are given in Table 4 and ranged from 96 ± 4 to 102 ± 6, 96 ± 4 to 107 ± 6 and 99 ± 4 to 108 ± 6%, depending on the concentration, for river, lake and tap water, respectively. These values indicate that selenium can be quantitatively determined in such samples. 21 . † A is absorbance, b is intercept, m is slope and C is concentration of Se in mg l 21 . ‡ Regression coefficient. § LOD (3s) is the detection limit, calculated for 3s/m, where s is the within-run standard deviation of a blank determination (n = 10). ¶ RSD for 5, 10 and 20 mg l 21 of Se (n = 10). 
Determination of Se IV in Water
The results of the application of the proposed method to the determination of selenium in river, lake and tap water are given in Table 4 for a sample volume of 9 ml (3 min preconcentration time). The concentration of selenium in the river water sample was 0.14 ± 0.01 mg l 21 . The concentrations of selenium in the lake and tap water samples analyzed were below the detection limit of 0.12 mg l 21 . It is known that the concentration of SeO 3 22 in natural water [18] [19] [20] is usually very low and that selenium is present in water in various oxidation states and chemicals forms, including organic species. 18, 21, 22 
Conclusions
The co-immobilization of selenium and borohydride on an anion-exchange resin followed by passage of acid forms the basis of a viable method for the determination of selenium by HGAAS and quantitative recovery of selenium from water samples can be achieved. The procedure could be fully automated via a system of computer-controlled valves and pumps and can be used with any atomic spectrometric detection system. Work is in progress to implement the procedure on a Perkin-Elmer FIAS unit. The preconcentration of the analyte on the anion-exchange column allows the potential for improved sensitivity over conventional flow injection hydride generation techniques and the possibility of the separation of the analyte from cation interferences. Current development of the procedure is focused on overcoming such matrix interferences as it may be possible to immobilize the sample and the borohydride successively.
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